Pyrobaculum calidifontis is a hyperthermophilic archaeon that belongs to the phylum Crenarchaeota. In contrast to the phylum Euryarchaeota, only the N-glycan structure of the genus Sulfolobus is known in Crenarchaeota. Here, we enriched glycoproteins from cultured P. calidifontis cells, by ConA lectin chromatography. The MASCOT search identified proteins with at least one potential N-glycosylation site. The tandem mass spectrometry (MS/MS) analysis of 12 small tryptic glycopeptides confirmed the canonical N-glycosylation consensus in P. calidifontis. We determined the N-linked oligosaccharide structure produced by an in vitro enzymatic oligosaccharyl transfer reaction. Pyrobaculum calidifontis cells were cultured in rich medium supplemented with 13 C-glucose, for the metabolic labeling of N-oligosaccharide donors. An incubation with a synthetic peptide substrate produced glycopeptides with isotopically labeled oligosaccharide moieties. The MS and nuclear magnetic resonance analyses revealed that the P. calidifontis N-glycan has a biantennary, high-mannose-type structure consisting of up to 11 monosaccharide residues. The base portion of the P. calidifontis N-glycan strongly resembles the eukaryotic core structure, α-Man-(1-3)-(α-Man-(1-6)-)β-Man-(1-4)-β-GlcNAc-(1-4)-β-GlcNAc-Asn. Structural differences exist in the anomeric configuration between Man and GlcNAc, and the chitobiose structure is chemically modified: one GlcNAc residue is oxidized to glucoronate, and the GlcNAc residues are both modified with an additional acetamido group at the C-3 position. As a result, the core structure of the P. calidifontis N-glycan is α-Man-(1-3)-(α-Man-(1-6)-)α-Man-(1-4)-β-GlcANAc3NAc-(1-4)-β-GlcNAc3NAc-Asn, in which the unique features of the P. calidifontis N-glycan are underlined. In spite of these differences, the structure of the P. calidifontis N-glycan is the most similar to the eukaryotic counterparts, among all archaeal N-glycans reported to date.
Introduction
Pyrobaculum calidifontis is a hyperthermophilic archaeon isolated from a terrestrial hot spring in the Philippines (Amo et al. 2002) . The domain Archaea is classified into several phyla, based on the RNA sequence of the small ribosomal subunit (Brochier-Armanet et al. 2008) . Most of the cultivable and hence well-studied archaeal species are members of two phyla, the Euryachaeota and the Crenarchaeota. P. calidifontis belongs to the phylum Crenarchaeota. The genome of P. calidifontis strain JCM 11548 contains 2.01 million base-pairs, with approximately 2200 predicted genes (GenBank, Assembly GCA_000015805.1). The cells are rod-shaped with almost rectangular ends, and grow optimally at pH 7 between 90°C and 95°C in the presence of oxygen. The aerobic culturing conditions facilitate analyses of P. calidifontis in laboratories.
Protein N-glycosylation is one of the most important posttranslational protein modifications in all three domains of life (Larkin and Imperiali 2011; Aebi 2013; Cherepanova et al. 2016) . Reflecting the essential roles of N-glycosylation in Eukarya, the canonical 14-residue core glycan structure, Glc 3 Man 9 GlcNAc 2 -Asn, is widely conserved in higher Eukaryotes, and its glucose-trimmed versions are present in lower Eukaryotes. Extensive trimming and re-addition of monosaccharide residues occur after the transfer onto proteins inside the endoplasmic reticulum (ER) and the Golgi apparatus. In contrast, the N-glycan structures in Eubacteria and Archaea exhibit far greater varieties in their monosaccharide compositions, linkages and branching patterns (Jarrell et al. 2014) . In particular, the innermost sugar residues directly attached to the asparagine residues are highly variable, including hexoses and N-acetyl-hexosamines in Archaea, and di-N-acetyl bacillosamine in Eubacteria. It was previously believed that the processing of the N-glycan on glycoproteins did not occur after the transfer to proteins in Archaea and Eubacteria. In fact, the addition of a hexose residue was reported for one eubacterial species ) and two archaeal species (Cohen-Rosenzweig et al. 2012; Taguchi et al. 2016) . The oligosaccharide chains are preassembled on a lipidphospho carrier by a set of membrane-bound glycosyltransferases. The resultant glycolipid serves as an oligosaccharide donor, and is referred to as a lipid-linked oligosaccharide (LLO) (Larkin and Imperiali 2011) .
The oligosaccharide moiety on the lipid-phospho carrier is transferred to the asparagine residue in the N-glycosylation sequon, Asn-X-Ser/Thr (X ≠ Pro), in secreted and membrane proteins, by the action of the oligosaccharyltransferase (OST, EC 2.4.99.18 and 2.4.99.19) enzyme . The OST enzymes are highly specific to their cognate N-glycans (Jarrell et al. 2014) . The LLO structures are a dolichol-diphosphate-oligosaccharide (Dol-PP-OS) in Eukarya, and a polyprenol-diphosphate-oligosaccharide in Eubacteria (Larkin and Imperiali 2011) . Archaea use two different types of LLOs: the Crenarchaeota use the diphosphate-type Dol-PP-OS and the Euryarchaeota use the monophosphate-type Dol-PP-OS (Larkin et al. 2013; Guan et al. 2016; Taguchi et al. 2016) . The number of phosphate groups suggests that the crenarchaeal N-glycosylation systems are evolutionally closer to the eukaryotic counterparts than the euryarchaeal N-glycosylation systems. Thus, it is reasonable to assume that the structures of the N-glycans from the crenarchaeal species are more similar to the eukaryotic N-glycan structures. To date, the N-glycan structures of two crenarchaeal species, Sulfolobus acidocaldarius and Sulfolobus solfataricus, have been reported. The former structure was determined by the combination of mass spectrometry (MS) and nuclear magnetic resonance (NMR) (Zahringer et al. 2000) , but the latter structure was only partially characterized by MS and monosaccharide analysis (Palmieri et al. 2013) . Notably, the chitobiose core structure, β-GlcNAc-(1-4)-β-GlcNAc-Asn, which was considered to be specific to eukaryotic N-linked glycans (Zahringer et al. 2000) , was detected. A recent yeast complementation study revealed that the gene encoding AglH restored N-glycosylation in a conditional lethal yeast alg7 mutant, which suggested that the AglH protein was responsible for the transfer of the first GlcNAc residue to dolichol-monophosphate in S. acidocaldarius (Meyer et al. 2017) .
In this study, we determined the chemical structure of the P. calidifontis N-oligosaccharide. This archaeal species was chosen because the OST enzymes in the genus Pyrobaculum have the highest sequence identity to the eukaryotic counterparts, among the cultured crenarchaeal species (Maita et al. 2010) . The membrane fractions prepared from cultured P. calidifontis cells contain the OST enzyme and the N-oligosaccharide donor, LLO. The addition of a peptide with the N-glycosylation sequon generated glycopeptide products, which were used for MS and NMR analyses. We found that the N-oligosaccharide structure of the glycopeptide products was a biantennary, high-mannose-type oligosaccharide, and bore a remarkable resemblance to the eukaryotic N-glycan.
Results

MS identification of P. calidifontis glycoproteins and analysis of tryptic glycopeptides
Pyrobaculum calidifontis glycoproteins were enriched by ConA (Concanavalin A) lectin affinity chromatography ( Figure 1A) , and detected by periodic acid-Schiff (PAS) staining and Coomassie Brilliant Blue (CBB) staining on sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels ( Figure 1B , left and middle panels). Many PAS-positive bands were detected in the membrane fractions (lane 4). The SDS-PAGE gel was sliced into 10 pieces ( Figure 1B , right panel, lane 9), in-gel digested with trypsin, and analyzed by reverse-phase (RP) liquid chromatography-tandem mass spectrometry (LC-MS/MS) ( Figure 1C and D) . The MASCOT search identified more than 100 proteins with at least one potential N-glycosylation site (Supplementary data, Table SI) . One interesting example is the Pcal_0997 protein, which is the P. calidifontis oligosaccharyltransferase. An oligopeptide binding protein (Pcal_0975), an ABC transporter substrate-binding protein (Pcal_2112) and a maltooligosaccharide-binding protein (Pcal_1617) are homologous to the previously reported S. solfataricus P2 glycoproteins, SSO1273, SSO3066 and SSO1171, respectively (Palmieri et al. 2013) .
The large size of the P. calidifontis N-oligosaccharide caused the masses of a majority of the tryptic glycopeptides to exceed the sensitive m/z range. Thus, we focused on the LC-MS/MS analysis of 12 small tryptic glycopeptides (<m/z 1550) (Table I ). Figure 1C shows an example of the averaged MS spectrum of a fraction during the RP-high performance liquid chromatography (HPLC) chromatography. The spectrum contained two dominant divalent ion peaks at m/z 1320.56 and 1401.58. The low-energy collision-induced dissociation (CID) MS/MS analysis indicated that these ions were generated from the amino acid sequence V 54 AN 56 ISASVDK
63
, belonging to a signal peptidase (Pcal_0153) modified with a nonasaccharide (S9) and a decasaccharide (S10) ( Figure 1C , revealed the existence of the HexA(NAc) 2 -Hex(NAc) 2 structure directly attached to the peptide. Note that there is no peak at the theoretical undecasaccharide (S11) position, m/z 1482.60 ( Figure 1C , inset).
Normal-phase-HPLC-MS/MS analysis of the N-glycans on glycoproteins
The ConA-enriched glycoprotein pool was completely digested by Pronase E, to produce an asparaginyl-oligosaccharide mixture ( Figure 2A ). The generated asparaginyl-oligosaccharides were purified by gel-filtration chromatography, and then separated on a normal-phase (NP)-HPLC system directly connected to a mass spectrometer operated in the negative ion mode. The total ion chromatogram (TIC, ion chromatogram created by taking the summed intensities of all ions) is shown in Figure 2B . The averaged MS spectrum during the 35-40 min portion of the TIC contained four [M-2H] 2-ion peaks with m/z values of 802.27, 883.30, 964.33 and 1045.35 , which were assigned to the asparaginyl-oligosaccharides containing 8, 9, 10 and 11 monosaccharide residues (theoretical m/z values of 802.2735, 883.299, 964.3263 and 1,045.3527 , respectively) ( Figure 2C ). The MS/MS spectra were recorded to confirm these assignments. For an example, a mass ladder corresponding to the sequential losses of four hexose residues was observed from the precursor ion of m/z 964.3 (S10-Asn, Figure 2D ). Based on the MS peak intensities, the percentages of monosaccharide numbers were estimated for the N-glycans on glycoproteins ( Figure 2E ).
Preparation of glycopeptides by in vitro oligosaccharyl transfer reaction
For the NMR analysis of the N-oligosaccharide structure, the oligosaccharide chain was transferred from the lipid carrier to a structurally defined peptide by the OST enzyme ( Figure 3A ). The Triton X-100-solubilized membrane fractions prepared from cultured P. calidifontis cells contain the oligosaccharide donor, LLO, as well as the OST enzyme, Pcal_0997. The substrate peptide, AAYNVTKRK, in which the underlined sequence is the N-glycosylation sequon, was synthesized with an N-terminal fluorescent dye, 5/6-carboxytetramethylrhodamine (TAMRA), for detection and a C-terminal biotin for glycoproteins. The fractional occurrence of amino acids in the region from −5 to +5 of the glycosylated Asn residues is shown. The sequence logo was generated by the WebLogo server (http://weblogo.berkeley.edu/logo.cgi), using the amino acid sequences in Table I . Note that the unbiased preference for 19 amino acid residues, except for proline, made the server program leave a space at position +1, and this is neither a bug nor an error. RP, reverse-phase; PAS, periodic acid-Schiff; CBB, Coomassie Brilliant Blue.
purification. Simple mixing and incubation of the membrane fractions with the synthesized acceptor peptide generated the glycopeptide products in vitro. The glycopeptides were isolated by biotin/streptavidinbased affinity chromatography, and further purified by NP-HPLC ( Figure 3B ). Three peaks were collected separately, and subjected to a direct infusion ESI-MS/MS analysis. The three peaks were identified as S9, S10, and S11-bearing peptides. The results of the MS/MS analysis of the S10-pep were reported previously (Taguchi et al. 2016) . Based on the fluorescence intensities, we estimated the percentages of the monosaccharide numbers in the enzymatically prepared glycopeptides ( Figure 3C , upper stacked bar chart). In a previous study, we also estimated the percentages of the monosaccharide numbers in the LLO molecules, based on the MS intensities (lower stacked bar chart). The strong similarity between the two profiles indicated the reliability of the monosaccharide number distribution, independent of the quantification methods. This comparison also suggested that no processing of the oligosaccharide structure occurred during the in vitro oligosaccharyl transfer reaction.
Monosaccharide composition analysis
The S10-and S11-pep peaks in Figure 3B were collected and desalted by RP-HPLC, and subjected to a monosaccharide composition analysis, an absolute configuration analysis and an NMR analysis. The monosaccharide composition analysis suggested that the hexose residues in S10 and S11 were mannose (Supplementary data, Figure S2 ). The two modified residues, HexA(NAc) 2 and Hex (NAc) 2 , were not positively identified in the monosaccharide composition analysis, because of the decomposition of the hexuronic acid residue during acid hydrolysis and the lack of standard di-N-acetyl-hexosamines, respectively. The absolute configuration of the mannoses was determined to be the D configuration, based on the gas-liquid chromatography retention times of the trimethylsilylated (S)-2-butyl glycoside derivatives.
NMR analysis of the decasaccharide attached to a peptide
To facilitate the NMR analysis, the P. calidifontis cell culture medium was supplemented with 13 C-glucose, and consequently the S10 portion of the glycopeptide was uniformly labeled with efficient magnetic transfer from the anomeric resonances e and j to the H5 resonance suggested the all trans conformation of the vicinal hydrogen atoms in the gluco-configurated sugar. The magnetic transfer in the remaining 8 residues stalled at the H2 resonances, suggesting the gauche conformation of the vicinal H2-H3 hydrogen Percentages of the monosaccharide numbers, based on the MS peak intensities of the asparaginyl-oligosaccharides in C. The direct infusion ESI-MS/ MS analysis revealed that peaks S9-pep, S10-pep and S11-pep correspond to the glycopeptides containing 9, 10 and 11 monosaccharide residues, respectively. Peaks S10-pep and S11-pep were collected separately and subjected to a monosaccharide composition analysis, an absolute configuration analysis and an NMR analysis. (C) The upper stacked bar chart shows the percentages of the monosaccharide numbers in the in vitro generated glycopeptide, derived from the peak intensity of the NP-HPLC chromatogram in B. The lower stacked bar chart shows the percentages of the monosaccharide numbers based on the MS intensity of the LLO, obtained in our previous study (Taguchi et al. 2016) . LLO, lipid-linked oligosaccharide; OST, oligosaccharyltransferase; TAMRA, 5/6-carboxytetramethylrhodamine; NP, normal-phase.
atoms in the manno-configurated sugar. To complete the resonance assignment beyond the H2 resonances in these manno-configurated residues, we used a relayed-type TOCSY spectrum ( Figure 4C ), which is a variant of 1 H-1 H TOCSY with a relay unit after the TOCSY mixing (Inagaki et al. 1989) . Together with the results of the MS and monosaccharide composition analyses, we propose the following assignments of the anomeric protons and the monosaccharide types: residues a-d and f-i are mannose residues, and residues e and j are either Glc(NAc) 2 or GlcA(NAc) 2 .
The 13 C assignment was performed by reference to the 1 H-13 C HSQC spectrum ( Figure 5 ). The considerable upfield shift at 81.0 ppm of the anomeric 13 C resonance e1, as compared to those of the other anomeric 13 C resonances at 100.6-104.8 ppm, indicated that residue e was linked to the amide nitrogen of the Asn residue in the peptide, and thus was Glc(NAc) 2 . By elimination, residue j is GlcA(NAc) 2 . The 13 C upfield shifts of e2, e3, j2
and j3 indicate the O-to-N substitutions at the C2 and C3 positions in residues e and j. The attachment of acetyl groups to the nitrogen atoms in the acetamido groups (CH 3 CONH-) was con- Figure S3 ).
The linkages between the monosaccharide residues were identified by the inter-residual long-range 3 J CH cross peaks in the 1 H-13 C HMBC spectrum recorded in 2 H 2 O. The analysis of the HMBC spectrum of the S10-pep, containing uniformly 13 C-labeled sugars, suffered from low signal intensities and heavy overlapping of the cross peaks, due to 1 J CC splitting along the 13 C axis ( Figure 6A ).
Thus, we prepared the S10-pep containing 1-13 C-labeled sugars, and used it for the HMBC measurement, in which the 1 J CC splitting was suppressed ( Figure 6B ). The linkages between the monosaccharide residues (a1-c2, b1-i3, c1-f2, d1-h3, f1-i6, g1-b2, h1-a2, i1-j4 and j1-e4) were readily identified. The downfield shifts of the 13 C chemical shifts of the linkage carbons (a2, b2, c2, e4, f2, h3, i3, i6 and j4) in the values (>170 Hz) indicated that all mannose residues were in the α configuration, whereas the small 1 J C1-H1 values (<160 Hz) indicated that residues e and j were in the β configuration (Table II) .
NMR analysis of the undecasaccharide attached to a peptide
We repeated the same NMR analysis of the uniformly 13 C-labeled S11-pep. The 1 H NMR spectrum (Supplementary data, Figure S4 ) and Table SII . The P. calidifontis N-linked undecasaccharide has the structure of the decasaccharide plus one mannose residue. The additional mannose residue k was attached to the terminal mannose residue d on the longer arm of the two oligomannose branches, through an α-(1-2)-linkage.
Taken together, we propose the following N-linked glycan structure of P. calidifontis:
The stereochemical formula of the same structure is also shown in Figure 7 .
Discussion
In the phylum Euryarchaeota, 10 N-glycan structures with high degrees of structural variations have been determined by NMR (Supplementary data, Figure S1 ). By contrast, only one NMR structure from S. acidocaldarius and its related MS structure from S. solfataricus have been reported in the phylum Crenarchaeota (Figure 8 ). Unlike the euryarchaeal N-glycans, the crenarchaeal Nglycan of the genus Sulfolobus contains the chitobiose structure, β-GlcNAc-(1-4)-β-GlcNAc-Asn, which is a common characteristic of all eukaryotic N-glycans. In fact, the Sulfolobus N-glycans can be released from glycoproteins by the action of peptide:N-glycosidase F (PNGase F) (Zahringer et al. 2000; Palmieri et al. 2013 ).
In the study presented here, we determined a second crenarchaeal N-glycan NMR structure from P. calidifontis (Figures 7 and 8) . Not surprisingly, it possesses the chitobiose structure, but with three chemical modifications: N-acetyl amination at the C3 positions of the two GlcNAc residues, and oxidation to a carboxylic acid at the C6 position of one of the two GlcNAc residues. These modifications made the P. calidifontis N-glycan resistant to the PNGase F cleavage (data not shown). Notably, the P. calidifontis N-glycan has a biantennary, high-mannose-type structure with α-(1-3)-and α-(1-6)-mannose residues branched from the third mannose in the five-residue core structure. Thus, the P. calidifontis N-glycan is reminiscent of a eukaryotic triantennary, high-mannose-type glycan. In accordance with the existence of many mannose residues, the P. calidifontis glycoproteins can be enriched by ConA lectin chromatography (Figures 1 and 2) . Although the similarity in the graphical representations is impressive (Figure 8) , the backbone structures of the two
5-residue core structures are not perfectly identical. The anomeric linkage between the Man and GlcNAc residues is the α-(1-4) configuration for the P. calidifontis N-glycan, but the β-(1-4) configuration for the eukaryotic N-glycan. In spite of these differences, the P. calidifontis N-glycan structure is the most similar to the eukaryotic counterparts, among all archaeal N-glycans reported to date (Supplementary data, Figure S1 ). This remarkable similarity suggests a close evolutionary relationship between the P. calidifontis N-glycosylation system and the eukaryotic N-glycosylation system. This conclusion is consistent with a recent phylogenetic analysis (Lombard 2016) , which suggested that the Alg7 and Alg2/11 glycosyltransferases in eukaryotic LLO biosynthesis have origins in the AglH and glycosyltransferase 1 superfamilies, respectively, in the TACK (Thaum-, Aig-, Cren-and Korarchaeota) superphylum. In fact, the moderate level of sequence identity, 31%, suggests that P. calidifontis Pcal_1170 is an orthologue of the eukaryotic Alg7 glycosyltransferase that adds the first GlcNAc residue to the dolichol-phosphate in the LLO biosynthesis (Figure 8) . Similarly, based on 29% sequence identity, Pcal_2037 is orthologous to the eukaryotic Alg11 glycosyltransferase that adds the terminal α-(1-2)-mannose residue to the growing oligosaccharide chain on the dolichol-phospho carrier. Interestingly, these glycosyltransferase genes are not located close to the AglB gene (Pcal_0997) in the P. calidifontis genome, similar to other crenarchaeal genomes. In contrast, in euryarchaeal genomes, many glycosyltransferase genes are clustered next to the AglB genes (Kaminski et al. 2013) .
NMR analyses of complex oligosaccharides are quite difficult without 13 C isotope labeling, and particularly with high-mannosetype oligosaccharides due to the severe 1 H resonance overlaps (Kamiya et al. 2011) . The 13 C metabolic labeling of carbohydrates using minimal culture media containing 13 C-labeled carbon sources was reported for S. cerevisiae cells (Kamiya et al. 2011) , Escherichia coli cells (Azurmendi et al. 2007) , insect Sf9 cells (Walton et al. 2006 ) and mammalian cell lines (Lustbader et al. 1996) . The use of minimal media is preferable to achieve highly efficient isotope labeling of biomolecules, but some organisms cannot survive in minimal media. The 13 C metabolic labeling of O-antigenic polysaccharide in E. coli cells was performed by the addition of 13 C-glucose to rich TY-medium, at the final concentration of 0.1% (w/v) (Kjellberg et al. 1998 ). The 13 C labeling efficiency was ca. 40%. We previously performed the 13 C labeling of the N-linked oligosaccharide in a euryarchaeon, Archaeoglobus fulgidus, by adding 13 C-glucose to rich culture medium at the final concentration of 0.085% (w/v) (Fujinami et al. 2015) . The 13 C labeling efficiency was almost 100%
for glucose and galactose residues, and 20% for mannose residues. In this study, the P. calidifontis cell culture in rich medium C HMBC spectra ( Figure 6 and Supplementary data, Figure S5B ) required to complete the structural analysis. Cell culture in rich medium supplemented with a low concentration of 13 C-glucose will be useful for the isotope labeling of oligo-and polysaccharides and sugar-related organic compounds in archaeal species, for which no minimal medium is available yet.
We isolated glycoproteins from P. calidifontis cells, and identified 12 N-glycan occupied sites (Table I) . A sequence logo representation of the amino acid occurrence confirmed the requirement of Asn at position 0 and that of Thr or Ser at position +2 in the sequon ( Figure 1E ). No proline residues were found at position +1. The presence of an Asp or Glu residue at position −2 is unnecessary, unlike the eubacterial five-residue sequon (Kowarik et al. 2006) . The previously characterized archaeal glycoproteins are mainly cell surface appendage-related proteins, such as S-layer, flagellar and pili proteins (http://www.proglycprot.org) (Bhat et al. 2012; Guan et al. 2016) . In this study, we expanded the number and breadth of characterized archaeal glycoproteins, including transporters and membrane-bound enzymes (Supplementary data, Table SI) . Among these glycoproteins, a particularly intriguing case is the OST enzyme, AglB (Pcal_0997). The P. calidifontis AglB has five potential N-glycosylation sites, N NT, and the glycosylation of the Asn 539 residue was experimentally confirmed (Li et al. 2005 ). The P. calidifontis AglB also has a tandem N-glycosylation sequence, N 534 STIN 538 AT, at the corresponding position. Unfortunately, the tryptic fragment that contained the N 534 STIN 538 AT sequence was too large for our LC-MS/MS analysis, but as a future experiment, it will be interesting to determine whether the N-glycosylation actually occurs at the sequon and if so, to elucidate its influence on the oligosaccharyl transfer activity. This could explain the reason for the unsuccessful expression of the recombinant P. calidifontis AglB in E. coli cells: a small amount of the Pcal_0997 protein was expressed in the E. coli membrane fractions, but no enzymatic activity was detected. We estimated the percent constituents of the monosaccharide numbers of the N-oligosaccharide when attached to glycoproteins ( Figure 2E ) and on the in vitro produced glycopeptides ( Figure 3C ). The comparison indicated that the undecasaccharide (S11) was present in the glycopeptide immediately after the oligosaccharyl transfer reaction from the LLO, but absent in glycoproteins isolated from cultured cells. This result suggests the possibility of the trimming of the terminal mannose residue k on proteins after the oligosaccharyl transfer reaction. The biological role of the archaeal N-glycan trimming, if any, presently remains unclear.
Material and methods
Preparation of the membrane fractions from cultured P. calidifontis cells Pyrobaculum calidifontis strain JCM 11548 was obtained from Japan Collection of Microorganisms, the Microbe Division of RIKEN BioResource Center (Tsukuba, Japan). P. calidifontis cells were 
H-
13 C HSQC spectrum of the uniformly 13 C-labeled glycopeptide S10-pep. The HSCQ spectrum of the uniformly 13 C-labeled glycopeptide S11-pep is shown in Supplementary data, Figure S5 . grown aerobically at 90°C, in medium consisting of 1.0 g yeast extract, 10 g of tryptone, and 3.0 g of Na 2 S 2 O 3 ·5H 2 O per liter of tap water, as described (Taguchi et al. 2016) . For 13 C isotope labeling, 200 mg 1-13 C or U-13 C-glucose (99 atom%, ISOTEC) was added to the medium per liter. The cells were disrupted by sonication, and centrifuged at 8500 × g for 10 min. The supernatant was collected and ultracentrifuged at 100,000 × g for 1 h, to collect the pellet as the membrane fraction and the supernatant as the cytosol fraction. The membrane fraction was solubilized by Triton X-100, according to the procedure used for Pyrococcus furiosus cells (Kohda et al. 2007) . From a 30-L culture of P. calidifontis cells, 20 mL of Triton X-100-solubilized membrane fraction were obtained.
Glycoprotein isolation from the membrane fractions
Glycoproteins were isolated from Triton X-100-solubilized membrane fractions, using ConA-agarose (Wako, Japan). Briefly, 5 mL of the membrane fraction were loaded on a ConA-agarose (0.5-mL bed volume) column in the presence of 1% Triton X-100. The column was washed five times with buffer (20 mM Tris-HCl, pH 7.5, containing 500 mM NaCl and 0.1% Triton X-100), and eluted by 1 mL of buffer containing 1 M methyl α-D-mannopyranoside. The glycoproteins were detected with a PAS glycoprotein staining kit (Polysciences, Inc.) after SDS-PAGE.
LC-ESI-MS/MS analysis of the ConA-enriched glycoproteins
The ConA-enriched glycoproteins were dissolved in SDS sample buffer, separated by SDS-PAGE, and stained with CBB. The lane of the stained gel was sliced into 10 pieces, and the proteins in these pieces were subjected to in-gel digestion with trypsin, as described (Matsumoto et al. 2005) . The generated (glyco)peptides were dried and then dissolved in a solution containing 0.1% trifluoroacetic acid and 2% acetonitrile, before the LC-MS/MS analysis using an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, Waltham, MA) connected to an Advance UHPLC (Bruker) and HTC-PAL auto sampler (CTC Analytics, Zwingen, Switzerland). LC was performed with an in-house pulled, fused silica capillary (internal diameter, 0.1 mm; length, 15 cm; tip internal diameter, 0.05 mm) packed with 3-μm L-column ODS (Chemicals Evaluation and Research Institute, Japan). The mobile phases were 0.1% formic acid (Solvent A) and 100% acetonitrile (Solvent B). Peptides and glycopeptides were eluted with a gradient of 5-40% Solvent B for 20 min, at a flow rate of 300 nL/min. Full MS spectra were obtained with the Orbitrap spectrometer in the m/z range of 300-2000, (Fujinami et al. 2014 (Fujinami et al. , 2015 . To convert them to the 13 C chemical shift relative to DSS, 2.1 ppm should be added.
with a resolution of 60,000. The auto gain control (AGC) was set to 1e 6 . The lock mass function was activated to minimize the mass error during analysis. Following each survey scan, the top nine most intense ions with multiple charged ions were selected for fragmentation, at a normalized collision energy of 35%. MS/MS spectra were acquired with the ion trap-based CID. The AGC was set to 1e 4 . All data were acquired with the Xcalibur software, v2.2 (Thermo Fisher Scientific). For protein identification, the P. calidifontis genome, obtained from the NCBInr database, was searched with the MASCOT algorithm by reference to the generated peak lists (Perkins et al. 1999) . The allowed number of missed cleavages by trypsin was set to 2. The carbamidomethylation of cysteine residues was selected as a fixed modification, and the oxidation of methionine residues was selected as a variable modification. The precursor mass tolerance was set to 10 ppm, and the tolerance of MS/MS ions was set to 0.8 Da. The criterion used for the identification of proteins was a MASCOT score ≥100.
Generation of asparaginyl-oligosaccharides from glycoproteins
The asparaginyl-oligosaccharides were generated by the Pronase E digestion of ConA-enriched glycoproteins, as described (Kurihara et al. 2009 ). Briefly, 30 mg of Pronase E (Sawai Pharmaceutical, Japan) were added to 1 mL of the glycoprotein solution, which was incubated at 40°C. Another 30 mg of Pronase E were added to the solution after 24 h. After further incubation for 36 h, the reaction mixture was centrifuged at 1200 × g for 10 min. The supernatant was collected and dried in a SpeedVac concentrator (Thermo Savant). The dried pellet was dissolved in 0.1 mL of 0.1 M acetic acid and centrifuged at 1200 × g for 10 min. The clear supernatant was collected and dialyzed against water with Spectra/Por membrane tubing (MWCO 100-500 Da) for 24 h, to remove the free amino acids. The dialyzed solution was then desalted by gelfiltration chromatography on a Superdex 75 column (GE Healthcare).
LC-ESI-MS/MS analysis of the asparaginyloligosaccharides
The asparaginyl-oligosaccharides were separated on a COSMOSIL Sugar-D NP-HPLC column (4.6 mm × 25 cm, Nacalai Tesque, Japan). Solvent A was 10 mM CH 3 COONH 4 in CH 3 CN:H 2 O = 9: 1 (v:v) , and Solvent B was 10 mM CH 3 COONH 4 in CH 3 CN:H 2 O = 1:9 (v:v). A linear gradient of solvent B was applied, from 30% to 100%. A post-column splitter was used to deliver 20% of the LC flow to the ESI source of a QSTAR Elite mass spectrometer (ABSciex). The mass spectrometer parameters were set as described (Taguchi et al. 2016) . The doubly charged negative precursor ion was selected as a precursor ion, and subjected to an MS/MS analysis with a collision energy of 55 eV.
Peptide substrate synthesis
The amino acid sequence of the acceptor peptide is Ala-Ala-TyrAsn-Val-Thr-Lys-Arg-Lys, in which the underlined sequence is the N-glycosylation sequon. The peptide was synthesized with an N-terminal TAMRA fluorophore and a C-terminal biotin group, attached to the side-chain amino group of the C-terminal Lys residue (Toray Research Center, Japan). The peptide concentrations were determined by the absorbance of the TAMRA fluorophore at 558 nm, with an extinction coefficient of 90,000 M −1 cm −1 . Fig. 7 . Pyrobaculum calidifontis N-glycan. The chemical structure of the undecaoligosaccharide chain attached to the glycopeptide S11-pep is shown. Fig. 8 . NMR and MS structures of the N-oligosaccharides in the phylum Crenarchaeota. For comparison, the eukaryotic N-oligosaccharide structure is shown. Colored monosaccharide symbols indicate that the monosaccharide and linkage types were determined by NMR, whereas colorless symbols denote those of the S. solfataricus N-oligosaccharide that were characterized only by MS and monosaccharide composition analysis. The substructures common between the crenarchaeal and eukaryotic N-oligosaccharide structures are marked by magenta thick borders and lines, while the difference in the anomeric configurations between the P. calidifontis and eukaryotic chitobiose core structures is highlighted by the two-headed arrow. The names of the glycosyltransferases that are responsible for the monosaccharide addition during the assembly of the oligosaccharide chain on a dolicholdiphosphate carrier are shown next to the monosaccharide residues. The catalytic subunit names of the OST enzymes are shown next to the sugarAsn bonds.
